Specific virulence factors associated with the pathogenesis of Escherichia coli strains causing neonatal meningitis (ECNM), such as the K1 capsular polysaccharide, the S fimbriae, and the Ibe10 protein, have been previously identified. However, some other yet unidentified factors are likely to be involved in the pathogenesis of ECNM. To identify specialized unique DNA regions associated with ECNM virulence, we used the representational difference analysis technique. The genomes of two strains belonging to nonpathogenic phylogenetic group A of the ECOR reference collection were subtracted from E. coli strain C5, isolated from a case of neonatal meningitis. Strain C5 belongs to the phylogenetic group B2 as do the majority of ECNM. We have isolated and mapped 64 DNA fragments which are specific for strain C5 and not found in nonpathogenic strains. Of these clones, 44 were clustered in six distinct regions on the chromosome. The sfa and ibe10 genes were located in regions 2 and 6, respectively. A group of genes (cnf1, hra, hly, and prs) known to be present in a pathogenicity island of the uropathogenic strain E. coli J96 colocalized with region 6. The occurrence of these DNA regions was tested in a set of meningitis-associated strains and in a control group composed of non-meningitisassociated strains belonging to the same B2 group. Regions 1, 3, and 4 were present in 91, 82, and 81%, respectively, of the meningitis strains and in 40, 13, and 47% of the control strains. Together, these data suggest that regions 1, 3, and 4 code for factors associated with the ability of E. coli to invade the meninges of neonates.
Escherichia coli is responsible for a third of the cases of neonatal meningitis (NM), with an incidence of 0.1 per 1,000 live births (8) . Case fatality rates are still very high and range from 25 to 40%. Furthermore, the occurrence of long-term neurologic sequelae in nonfatal cases is 33 to 50% of neonates with E. coli meningitis (8, 9, 32) . Understanding the pathogenesis of this disease and characterizing these pathogenic strains are prerequisites to the development of new treatments.
Few specific pathogenic determinants have been described for E. coli strains causing NM (ECNM). Both expression of the K1 capsular polysaccharide (17) and production of aerobactin (21) are believed to be important for bloodstream dissemination. On the other hand, S fimbrial adhesin (sfa) (11, 17, 23) and Ibe10 protein (13) , involved in the adhesion and invasion of brain microvascular endothelial cells, likely promote the crossing of the blood-brain barrier.
Phylogenetic approaches have helped to characterize the pathogenic strains. The E. coli species has been divided into four main phylogenetic groups designated A, B1, B2, and D (12, 28) . Previous studies have shown that ECNM has a clonal structure (3, 27) and that strains mostly belong to the B2 group (5) . Considering that only 38% of ECNM have both sfa and ibe10, it is likely that other determinants remain to be identified (5) . In favor of this hypothesis is the fact that 10 pathogenspecific chromosomal segments have recently been detected by comparative macrorestriction mapping of the chromosomes of neonatal meningitis-associated E. coli RS218 and the laboratory strain E. coli K-12 (26) . Two of these segments colocalized with the sfa and ibe10 genes. However, no functional or epidemiological studies have confirmed the role of these 10 DNA segments in the pathogenesis of ECNM.
In this work, we compared the chromosome of the C5 strain, which belongs to the B2 group, with those of two nonpathogenic E. coli strains by using representational difference analysis (18, 30) . We obtained a library of sequences which are present only in the virulent strain. These sequences clustered onto the chromosome in six distinct regions. Comparing the presence of these regions among meningitis and non-meningitis-associated strains of the B2 group allowed us to identify three regions as being specific for the ECNM.
MATERIALS AND METHODS
Bacterial strains. Strains used for subtractive hybridization were E. coli C5 (serotype O18:K1:H7), isolated from the cerebrospinal fluid (CSF) of a newborn (15) and obtained from R. Bertolussi (Dhalousie University, Halifax, Nova Scotia, Canada), and two nonpathogenic E. coli strains, ECOR4 and ECOR15, belonging to the ECOR collection (22) . E. coli C5 harbors several virulence factors, such as the capsular antigen K1, an sfa operon, the ibe10 gene, Pap pili, and the hemolysin gene (hly) (5, 13, 16) . This strain belongs to the phylogenetic B2 group (5) . On the other hand, the ECOR4 and ECOR15 strains, which belong to the phylogenetic A group, do not express any identified virulence factors, a property of almost all strains of this group (5, 7, 10, 24) . Other E. coli strains were RS218 (serotype O18:K1:H7), an isolate from the CSF of a newborn, kindly provided by K. Kim (Childrens Hospital, Los Angeles, Calif.) (13) , which harbored the same virulence factors as the C5 strain, and the E. coli laboratory strain K-12 MG1655, the genome of which has recently been sequenced (6) .
In addition we used a set of 54 ECNM obtained from the CSF of newborns with meningitis (age range, 1 to 28 days) and belonging to the phylogenetic B2 group (5) . This population was compared to the 15 non-meningitis-associated E. coli strains from phylogenetic group B2 of the 72 strains of the ECOR collection (22) . This collection was obtained from R. Selander (Department of Biology, University of Rochester, Rochester, N.Y.). These reference strains, isolated from a variety of hosts and geographical locations, are representative of the range of genotypic variation in the species and are divided in four main phylogenetic groups (A, B1, B2, and D) (12, 28) . Bacteria were grown at 37°C in Luria-Bertani broth or on Luria-Bertani agar. When necessary, ampicillin was used at a concentration of 100 g per ml.
Southern blotting. Southern blotting was performed by capillary transfer onto positively charged nylon membranes. Hybridizations were performed at 65°C in 1% sodium dodecyl sulfate-1 M NaCl-50 mM Tris HCl (pH 7.5)-1% blocking reagent (Boehringer Mannheim, Mannheim, Germany). The membranes were washed first in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) for 15 min at room temperature, then in 2ϫ SSC-0.1 sodium dodecyl sulfate for 30 min at 65°C, and finally in 0.1ϫ SSC for 5 min at room temperature. Detection by chemiluminescence was performed with the DIG luminescence detection kit for nucleic acid (Boehringer Mannheim) according to the manufacturer's instructions. The sfa and ibe10 probes were produced by PCR, using primers and an amplification procedure previously described (4) .
Representational difference analysis. The procedure was that of Tinsley and Nassif (30) . Chromosomal DNA from the ECOR strains was sheared by repeated passage through a hypodermic needle to obtain fragments ranging between 3 and 10 kb long. This digested DNA was purified by phenol extraction. Chromosomal DNA from E. coli C5 was cleaved with the restriction endonuclease Sau3AI or Tsp509I. This DNA (20 g) was ligated with 10 nmol of the annealed oligonucleotides RBam12 (5Ј-GATCCTCGGTGA-3Ј) and RBam24 (5Ј-AGCACTCTCCAGCCTCTCACCGAG-3Ј) or REco12 (5Ј-AATTCTCGG TGA-3Ј) and REco24 (5Ј-AGCACTCTCCAGCCTCTCACCGAG-3Ј) when the restriction was done by SauAI or Tsp509I, respectively. DNA was separated from the excess primers by electrophoresis through a low-melting-point 2% agarose gel. The portion of the gel containing fragments of more than 200 bp was excised and digested with ␤-agarase. This DNA was purified by phenol extraction.
For the subtractive hybridization (first round), 0.2 g of E. coli C5 DNA, ligated to the oligonucleotides, was mixed with 40 g of sheared of ECOR4 or ECOR15 DNA in a total volume of 8 l of 3ϫ EE buffer [1ϫ EE buffer is 10 mM N-(2-hydroxyethyl) piperazine-NЈ-(3-propanesulfonic acid)-1 mM EDTA (pH 8.0)]. The solution was overlaid with mineral oil, and the DNA was denatured by heating at 100°C for 2 min; 2 l of 5 M NaCl was added, and the mixture was allowed to hybridize at 55°C for 48 h. The reaction mixture was diluted 10-fold with preheated 3ϫ EE buffer-1 M NaCl and immediately placed on ice. A portion of the dilution (10 l) was added to 400 l of PCR mixture (10 mM Tris HCl [pH 9.0], 50 mM KCl, 1.5 mM MgCl 2 , 0.1% Triton X-100, a 0.25 mM concentration of each deoxynucleoside triphosphate, 50 U of Taq polymerase per ml) and incubated for 3 min at 70°C to fill in the ends of the reannealed E. coli C5 fragments. After denaturation at 94°C for 5 min and addition of the oligonucleotide RBam24 or REco24 (0.1 nmol per 100 l), the hybridizations were amplified by PCR (30 cycles of 1 min at 94°C, 1 min at 70°C, and 3 min at 72°C, followed by 1 min at 94°C and 10 min at 72°C in a GeneAmp 9600 thermal cycler [Perkin-Elmer]). The PCR products were gel purified to separate amplified E. coli C5 fragments from the primer and high-molecular-weight subtracting ECOR DNA. A second round of subtractive hybridization was performed, using 40 g of sheared E. coli ECOR4 or ECOR15 and 25 ng of RBam24-or REco24-ligated DNA obtained from the first round. These second-round difference products were radiolabeled en masse and used as the probe in Southern hybridization experiments to ensure that the amplified fragments were unique to the pathogenic DNA and not present in the nonpathogenic strains. Thus, four subtractive libraries were obtained.
Analysis of clones from the subtractive libraries. DNA from the subtractive libraries was cloned into the BamHI (Sau3AI libraries) or EcoRI (Tsp509I libraries) site of pUC19 (New England Biolabs, Beverly, Mass.) and then transformed into Epicurian coli XL2-blue ultracompetent cells (Stratagene, La Jolla, Calif.). The inserts were amplified by PCRs performed on transformant colonies, using the following primers: P1 (5Ј-CATGCCTGCAGGTCGACTCT-3Ј) and P2 (5Ј-CGTTGTAAAACGACGGCCAG-3Ј). Clones were designated by the following (in order): the restriction enzyme used ("Tsp" or "Sau"), the strain used for the subtraction (E4 or E15), and an alphanumeric designation.
(i) DNA sequencing. After purification of PCR products by solid-phase reversible immobilization, purified PCR fragments were sequenced using the BigDye Terminator Cycle Sequencing Ready Reaction kit with AmpliTaq DNA polymerase FS (Perkin-Elmer) on an automated ABI PRISM 377 XL DNA Sequencer (Perkin-Elmer) by following the manufacturer's instructions. When problems in obtaining a good-quality sequence were encountered with a particular primer, a sequencing reaction was performed with the dGTP BigDye Terminator Ready Reaction kit (Perkin-Elmer). Sequences were screened for homologies with previously published sequences using the computer programs BLASTN and BLASTX at the National Center for Biotechnology Information (2) .
(ii) Southern blot hybridization. To check for their specificity, the PCR products obtained by using primers P1 and P2 from the colonies of transformants were labeled by incorporation of digoxigenin-11-dUTP (Boehringer Mannheim) and used as probes for Southern blot analysis of DraI-digested chromosomal DNA from strains E. coli C5, ECOR4, and ECOR15 and E. coli K-12 MG1655.
(iii) Pulsed-field gel electrophoresis and mapping of the clones on the chromosomes of strains RS218 and C5. The position of the DNA sequences corresponding to the cloned difference products was determined relative to the map of E. coli RS218 (26) by probing Southern blots of pulsed-field agarose gels. DNA of strain RS218 was digested with BlnI, NotI, and XbaI and subjected to pulsed-field gel electrophoresis, as was DNA of strain C5 that had been digested by BlnI and NotI. Gels were 1% agarose in 0.5ϫ Tris-borate-EDTA buffer, and were subjected to electrophoresis at 6 V/cm for 27 h, with pulse times varying linearly between 2 and 49 s. The positions on the RS218 chromosome of sequences reactive with each of the clones were determined by comparison of the recognized BlnI and NotI restriction fragments with the published macrorestriction map (26) .
Nucleotide sequence accession numbers. The sequences of the subtractive DNA fragments have been assigned GenBank accession numbers AF222070 to AF222222 for sequences showing no homology and numbers AF222223 to AF222307 for sequences with significant homology.
RESULTS
Production of libraries of DNA fragments of pathogenetic strain C5 not found in the genome of nonpathogenic E. coli. Using the technique of representational difference analysis, we subtracted the chromosomes of the two nonpathogenic (ECOR4 and ECOR15) strains from the chromosome of the C5 pathogenic strain. Four libraries were produced and designated SauE4, SauE15, TspE4, and TspE15, according to the enzyme used to digest the chromosome of the C5 strain and the strain used for subtraction. In each case, the amplified difference product from the second round of subtraction was labeled and used as a probe against DraI-digested DNA from C5, RS218, ECOR4, and ECOR15. A strong reactivity with the chromosome of pathogenic strains was observed. On the other hand, little or no signal was present in the lanes corresponding to the subtractive nonpathogenic strains (data not shown). Altogether, 494 clones were subsequently isolated and sequenced. Of these, 140 had significant homology with sequences of E. coli K-12 and were subsequently discarded. Among the 354 remaining fragments, 259 sequences were unique. Table 1 shows all the clones which had a significant homology with previously described genes (except bacteriophages). Some of these clones corresponded to genes already known to be present in the C5 strain, such as pap, hly, and kps. None of these clones were found to be homologous with sfa or ibe10. On the other hand, sequences corresponding to virulence factors found in strains not responsible for NM were present, as follows: (i) prs, cnf, and hra, all part of a pathogenicity island (PAI) in the uropathogenic strain E. coli J96 (29); (ii) chuA, a gene involved in an iron transport system and found in enterohemorrhagic E. coli O157:H7 (31); and (iii) senB, a gene encoding an enterotoxin on the virulence plasmid of Shigella and enteroinvasive E. coli (20) . Finally, 153 fragments showed no significant homology with any published sequence.
Mapping of the ECNM-specific sequences on the E. coli chromosome. The availability of a physical map of the chromosome of E. coli RS218 (26) made possible the investigation of the distribution of some of the above-mentioned sequences. Of 64 clones that were chosen, 7 showed homology to known virulence factors (kps, hly, prs, hra, cnf1, chuA, and senB) and 57 showed no known homology. These latter clones were chosen at random from the TspE4 and SauE15 libraries. These two libraries were chosen because they contained most of the expected pathogen-associated genes (e.g., pap, hly, and kps) and thus were considered the most comprehensive. All the clones showed homology by Southern hybridization to the chromosome of strain RS218. PCR products from these clones were labeled and used to probe Southern blots of DNA from RS218 digested with the infrequently cutting enzymes BlnI, NotI, and XbaI. The location of both sfa and ibe10 was also determined. To confirm that each one of these clones was specific for ECNM, they were all used to probe DraI-digested DNA from strains ECOR4, ECOR15, and MG1655 and shown to be nonreactive against these strains. 
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Mapping of these clones revealed a nonrandom distribution of the ECNM-specific sequences (Fig. 1) . Forty-four of the clones clustered in six distinct groups on the chromosome. One clone encoding part of the chuA gene found in enterohemorragic E. coli was not associated with any of these clusters and remained isolated. Region 1 is contained within the BlnI fragment m (85 kb). The clones of region 2 mapped on NotI fragments p and n (ϳ240 kb). Region 3 is contained within NotI fragment e (ϳ310 kb), and region 4 is contained within BlnI fragment h (ϳ210 kb). Region 5 maps to BlnI fragment j (ϳ135 kb). Region 6, which overlaps the NotI fragment b and BlnI fragment b (ϳ550 kb), has been divided into two subregions by the enzyme XbaI (data not shown), regions 6a and 6b. The latter subregion contained clones with homologies to cnf1, hly, prs, and hra. The sfa and ibe10 probes hybridized in regions 2 and 6a, respectively. The capsule-encoding genes were not linked to any of these regions. Six clones presenting no homology with known sequences and the senB gene all mapped on a large plasmid present in the RS218 strain (1).
Distribution of E. coli C5-specific genomic regions among two collections of E. coli strains. To assess the relevance of these regions in terms of pathogenesis, we determined the frequency of occurrence of clones located on regions 1, 3, 4, 5, and 6b as well as of the clone containing part of the chuA gene in our collection of 54 ECNM belonging to the phylogenetic group B2. We excluded from this study regions 2 and 6a because they contained the sfa and ibe10 genes, the distribution of which among group B2 E. coli strains is well established (5). For each region, two to four clones were used independently to probe Southern blots of genomic DNA of ECNM isolates. The control group corresponded to the 15 B2 strains of the ECOR collection which contains no meningitis strains. Results are shown in Table 2 . All the above-mentioned regions are widely present among ECNM except for region 6b which is underrepresented in meningitis-associated strains. In addition, regions 1, 3, and 4 appeared with a significantly higher frequency (P Ͻ 0.05) among ECNM than the other B2 strains, thus suggesting that these regions may encode factors specific to ECNM.
DISCUSSION
The pathogenesis of ECNM is incompletely understood. Until now, only four specific virulence factors have been described: the K1 capsular polysaccharide, the aerobactin, the S fimbrial adhesin, and the Ibe10 protein (11, 13, 17, 21, 23) . However, E. coli isolates that were obtained from the CSF of neonates with meningitis and which do not express these virulence factors have been described, thus suggesting that some other yet unidentified bacterial attributes may be involved (5) . Very recently, a new gene (ibeB) required for penetration of brain microvascular endothelial cells was reported (14) . In this work, we performed subtractive hybridization to identify regions of the chromosome likely to encode attributes responsible for specific aspects of the pathogenesis of ECNM. We performed two rounds of subtractive hybridization according to a previously described method (30) and obtained libraries of clones specific for ECNM containing inserts with sizes ranging from 100 to 500 bp. The specificity of the subtractive libraries was assessed (i) by Southern blotting with the nonpathogenic strains and (ii) by sequence analysis which showed that 72% of the clones had no homology with the published sequence of E. coli K-12. Some clones corresponded to expected virulenceassociated genes (kps, pap, and hly). On the other hand, we did not isolate clones corresponding to sfa and ibe10 genes. However, clones derived from regions containing both of these genes were obtained. Together these data confirm the comprehensiveness of these libraries.
Very recently, Rode et al. carried out comparative macrorestriction mapping using rare-restriction-site alleles between the chromosomes of the laboratory strain K-12 MG1655 and E. coli RS218 (26) . They identified 10 large chromosomal additions in the RS218 strain but not the MG1655 strain (Fig. 1) . 
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a Only homologies with at least probability of e Ϫ5 were retained. Homologies to bacteriophages (n ϭ 21) are not shown. b Clones are designated by the name of the enzyme (Sau or Tsp), followed by the name of the strain used for the subtraction (E4 or E15) and a code composed of a letter and a number.
c The name of the gene sequence is given (with similarity type in parentheses), followed by the product or function that is encoded by the gene and/or the gene's location, as well as the organism name. N, similarity at the nucleotide level; P, similarity at the protein level; ORF, open reading frame.
Most of these segments are in perfect accordance with our results. However, four segments undetected by our approach were reported by Rode et al. On the other hand, our regions 1 and 4 were not detected in this previous work. The most likely explanation for not having isolated clones in some of the regions reported by Rode et al. is, first, that these may correspond to sequences deleted during the course of laboratory isolation of E. coli K-12 and, second, that these deletions are unlikely to have occurred in the group A ECOR strains. In favor of this hypothesis is the fact that segments 66 and 69 (Fig. 1) , which we did not obtain, correspond to rfb genes and the bacteriophage, respectively, which are deleted in strain MG1655 (19, 25) .
An epidemiological approach was undertaken to shed light on the role of these regions in the infective process of ECNM. Considering that most ECNM belong to the phylogenetic group B2, we determined the prevalence of each region as well as of chuA among ECNM of group B2 and among non-men-FIG. 1. Distribution of specific sequences on the chromosome of E. coli strain RS218. E. coli strain C5-specific clones were used as probes on Southern blots of DNA from strain RS218 digested with the infrequently cutting enzymes BlnI and NotI and were positioned on the linearly represented restriction map (26) . The upper arrows indicate the six regions found in this study and delineated by NotI and BlnI fragments with a high density of C5-specific clones. Clones with known homologies are indicated, as are the positions of the probes sfa and ibe10. Region 6 was divided into two subregions according to the mapping of the clones on different XbaI fragments. The lower arrows indicate the 10 segments of the RS218 chromosome in which Rode et al. found additions relative to the E. coli K-12 chromosome. The length (in kilobases) of each addition is indicated in the respective circle. The positions of various virulence factors are also indicated (26) . Superscripts to clone names designate the following: 1, TspE4.A7 was positioned by overlapping SauE15.F12; 2, SauE15.F12 also shows reactivity on the plasmid; and 3, TspE4.A8 also shows a weak reactivity on the NotI fragment p. a The prevalence of PAI V was assessed using the clones TspE4.D11, TspE4.D10, and TspE15.C1, homologous to the hly, cnf1, and hra genes, respectively. b P Ͻ 0.05, compared with strains of the ECOR collection (existence of a difference in the distribution of the studied clones was tested by the 2 test). c Not significant, compared with strains of the ECOR collection. d TspE4.J6 is homologous to chuA. The other clones are representative of their respective regions. e All strains were in the phylogenetic B2 group. ingitis-associated group B2 strains from the ECOR collection. Although small, this control group was chosen because it is composed of reference strains that belong to the ECOR collection, which is considered representative of the range of genotypic variations of the species. We used two to four clones from each region and the clone TspE4.J6, homologous to chuA, as probes against Southern blots of genomic DNA prepared from isolates belonging to both groups. The occurrence of these clones among the meningitis isolates indicates that all these regions, except the region 6b, are widely represented among ECNM, thus suggesting the involvement of genes encoded by these regions in the pathogenesis of these strains. On the other hand and surprisingly, region 6b which resembles PAI V, has a low prevalence in ECNM (17%) but was widely represented in the B2 group strains from the ECOR collection (47%). Region 5 had a high but a similar prevalence in both collections and thus may correspond to segments characteristic of phylogenetic group B2. The same distribution was observed for chuA, but interestingly, this gene was present in all B2 group strains tested without exception. Considering that regions 1, 3, and 4, which are specific for ECNM, do not contain known virulence factors, one may speculate that these regions correspond to islands of DNA associated with the invasion of meninges by E. coli. Further work is in progress to characterize the contents of these regions.
